Abstract. Mg∕SiC multilayers have been selected to coat the primary and secondary mirrors of the SCORE (Sounding-rocket CORonagraphic Experiment) telescope, a part of the NASA HERSCHEL program. Their experimental reflectance at the He II 30.4 nm wavelength is twice as much that of standard Mo∕Si multilayer coatings, with a large improvement of the instrument effective area. Nevertheless, their long-term stability still needs to be evaluated in order to consider them as a valuable candidate for instrumentation of a long term space mission. A study is carried out on different Mg∕SiC samples designed and fabricated varying the structural parameters and/or the capping layer material and thickness, which have been monitored for four years after deposition.
Introduction
Several space missions dedicated to the observation of the solar atmosphere and its surface dynamics have been planned by ESA and NASA. Among those missions, Solar Orbiter is an ESA Sun-observing satellite approved for launch in January 2017. The Multi Element Telescope for Imaging and Spectroscopy (METIS) 1 is a coronagraph of the Solar Orbiter payload, 2 characterized by a novel optical design, 3, 4 which will allow the imaging of the solar corona with unprecedented temporal and spatial resolution at different heights over the ecliptic plane. The current optical design of the METIS telescope is based on an on-axis Gregorian telescope with an external inverted occulter.
The telescope operates simultaneously in three spectral ranges: visible light between 450 and 650 nm and the two Lyman-α lines of hydrogen and helium, at H I 121.6 nm and He II 30.4 nm, respectively. In particular, the innovative coronagraph design foresees that each operational range shares a common optical path in the telescope (Fig. 1) . The multiband capability of the telescope mirrors will be made possible by the use of multilayer coatings (MLs) deposited on the optical surfaces. Downstream of the telescope, a specially designed optical component, inserted in front of the focal plane, acts both as a mirror to deflect the visible light to the polarimeter assembly and as a filter to transmit the 121.6 nm light on to the focal plane. Alternatively, the insertion of an appropriate filter will allow imaging at 30.4 nm on the focal plane.
Standard periodic Mo∕Si ML coatings have been used in different space instruments. 5, 6 At 30.4 nm, they have a peak reflectance of only around 20%. That characteristic would strongly affect the performance of the METIS telescope in terms of effective area when observing in the Extreme Ultraviolet (EUV) range. The performance of such coatings could be improved either by controlling diffusion at interfaces 7 or introducing gas incorporation on the Si spacer layers in order to reduce their density and consequently the absorption occurred in each bi-layer; the diminishing of the density of the spacer produces an increase of the contrast in reflection observed between Mo and Si during deposition, finally resulting in an enhancement of the Fresnel reflection coefficients at each interface. 8 A peak reflectance improvement up to 26% can be achieved by the use of appropriate capping layer material, 9 specially optimized using a technique already developed for lithography applications. 10, 11 Structures based on different bilayer materials can reach higher efficiency than standard Mo/Si. In particular, Ir∕Si ML was shown to provide reflectance up to 24% at 30.4 nm, 12 and Mo∕Al∕SiC ML up to 30%. 13 The highest reflectance is, however, provided by the Mg∕SiC ML, which was proposed for the atmospheric imaging assembly aboard the Solar Dynamics Observatory.
14 This coating exhibits almost twice the peak reflectance of a standard Mo∕Si coating, with an efficiency at 30.4 nm around 40%. For this reason, the Mg∕SiC material combination has been studied by different research groups, 15, 16 which have demonstrated the thermal stability of the coating at high temperature. However, its stability over time still needs to be proven in order to validate such a coating for a long-lived space mission such as Solar Orbiter. In addition, the aging of such coatings, exposed to the laboratory atmosphere during the instrument fabrication and integration before launch, needs to be investigated. Furthermore, the MLs that will be used for the METIS mirrors also need to be tested in term of efficiency and long-term stability at 121.6 nm and in the visible spectral range, since they are intended to perform as multiband coatings. 17 To prove the METIS innovative design concept, NASA has recently launched the instrument SCORE (Soundingrocket CORonagraphic Experiment, Fig. 2 ) 18 as part of the HERSCHEL program. SCORE represents a prototype of METIS. The sounding rocket was launched from the White Sands Missile Range in New Mexico on 14 September 2010, and the flight lasted a few minutes. Images of the solar corona at 30.4 nm and at 121.6 nm were acquired successfully.
In the case of SCORE, Mg∕SiC MLs were selected to coat both the primary and secondary mirrors. Such coatings were optimized for the three spectral bands (Visible, UV, and EUV) by designing and developing Mg∕SiC samples characterized by different structural parameters and capping layers. The selection of the most appropriate coatings for the SCORE mirrors was driven by the efficiency properties of these samples.
In this paper, we present the results of the characterization and comparison of Mg∕SiC ML samples in two cases: just after the multilayer deposition and four years after deposition, in order to verify coating stability over time in laboratory conditions. The analyzed samples appear to have different levels of performance degradation, which are associated with different structural parameters.
Samples Design and Preparation
The different Mg∕SiC samples have been designed by varying the structural parameters and/or the capping layer material and thickness. The sample A06012 must be considered as the baseline design, since it is a pure periodic structure optimized for peak reflectance at 30.4 nm. The structural parameters of this coating are reported in Table 1 , where d is the period, Γ is the thickness ratio (thickness of the absorber divided by the period d), and N is the number of periods. Other designs have been obtained by varying either Γ or the thickness of the SiC uppermost layer by depositing an additional layer of the same material (named hereafter SiC top), or alternatively by adding a Si top layer, as reported in Table 2 .
The multilayer structures were deposited at RXO LLC (New York, USA) by DC magnetron sputtering on to polished Si(100) substrates of 16 mm × 16 mm, using the system that was described by Windt and W.K. Waskiewicz. 3 Experimental Characterization and Discussion After deposition, all samples were characterized in the three spectral bands mentioned above. The reflectances in the EUV band were measured at the NSLS beamline X24C.
Reflectances in the visible domain were also measured at NSLS. The reflectance measurements at 121.6 nm were also repeated at CNR-IFN LUXOR (Padova, Italy) using a normal incidence reflectometer (see below). The results obtained in the latter facility are completely in agreement with those measured at NSLS. The experimental results were fitted by using the IMD program 20 in order to estimate the structural parameters of the coating as deposited. The fitting parameters are reported in Table 3 . The formation of a thin oxidized layer was taken into account for both the Si and SiC top layer, as suggested by Presser and Nickel. 21 The experimental results are shown in Figs. 3, 4 , and 5.
The structural parameters derived from the fits are different from those theoretically defined during design optimization. In particular, variation of about 20% can be detected both in Γ and d values with respect to the nominal ones. These errors can be attributed both to errors in deposition layer thickness and/or to the fitting procedure. In fact, the fitting is obtained with a multilayer model usually adopted, in which the variable parameters are the layer thicknesses and the roughness at the interfaces, while the optical constants are those available in the CXRO database, and the presence of compounds which may form at the multilayer interfaces is neglected. Considering that the layer thicknesses were very well controlled during deposition, the mismatch between theoretical gamma and experimental data can be attributed to the limitation of the fitting more than to experimental deposition error. In Fig. 6 , experimental results obtained in the EUV range, at 121.6 and 632.8 nm, respectively, are summarized for each sample. The best choice for the SCORE application appeared to be sample A06026, because it presents the highest efficiency at the H I Lyman-α line without compromising the performances at 30.4 nm, and the flight mirrors were coated with this same structure (Fig. 7) .
The laboratory samples were stored for years in plastic boxes kept under regular atmosphere. The reflectance characterizations at 121.6 nm and in the visible spectral range were repeated for selected samples (listed in Table 4 ) after 3.5 years after deposition. In order to perform these measurements, the samples were handled under regular atmosphere. The sample corresponding to the mirror coating (A06026) used for the SCORE flight was no longer available, due to its utilization in the post-launch characterization experiment of the SCORE telescope. For the purposes of the present work, we thus measured the reflectance of all the remaining samples. The reflectance at 121.6 nm was measured again using the normal incidence reflectometer at CNR-IFN LUXOR. The setup used in the experiment consists of an Hamamatsu deuterium lamp coupled with a monochromator mounted in Johnson-Onaka configuration. A toroidal mirror focuses the beam exiting from the monochromator in the test chamber equipped in θ-2θ configuration. The measurements were performed at 121.6 nm for different incidence angles in two orientations of the test chamber rotated 90 deg with respect to one another. The results of the two measurements were then averaged to obtain the reflectance in the case of unpolarized light. Incident and reflected beam intensity were acquired by a channel electron multiplier (CEM) detector in photon counting mode, and the reflectance curves were recovered using the ratio between the two signals. Reflectance in the visible spectral range was measured using a double grating spectrophotometer (Varian model, Cary 5000). Both regular (at 8 deg incidence angle) and diffuse data were obtained by using an integrating sphere accessory.
A 30% degradation was observed at 121.6 nm in all remeasured samples. No degradation was observed in the visible spectral region at this time, the diffuse component being negligible with respect to the regular reflected light. At the same time, by visual inspection, the surface starts to present some inhomogeneities. The experimental results after 3.5 years are shown in Fig. 8 for the 121.6 nm and visible range.
After five additional months, the selected samples of Table 4 were retested at the ELETTRA BEAR beamline 22 to verify their stability in terms of EUV efficiency. Some of the samples showed stable peak values, while other samples were significantly degraded compared to performance measured just after deposition. In Fig. 9 , reflectance curves of samples that show partial or no degradation are reported, while those that show strong degradation are not reported. Furthermore, in some cases, the reflectance in the visible spectral range was so low that sample alignment in the BEAR beamline experimental chamber was not feasible, preventing the possibility to test them. (Reflectance of these samples is noted as NA in Table 4 ) In fact, the appearance of the coatings Fig. 8 Experimental reflectance retested after 3.5 years at 121.6 nm and 632.8 nm for each sample. at this time was further degraded, showing large, inhomogeneous rough areas observable by eye. In Fig. 10 , a picture taken five months after the opening of the plastic boxes in which the samples were stored clearly shows a strongly degraded appearance, if compared with the mirrors of Fig. 7 . A large corroded area on the surface, probably related to chemical properties of Mg, is present on all samples. Despite such appearance and top surface degradation, some samples still performed well in the EUV range. The degradation of the performance at 30.4 nm seems instead to be related to the surface structural properties of the samples. First of all, all remeasured Si capped MLs showed strong degradation. Among the MLs having a SiC top layer, those with an additional SiC capping layer can be considered as stable in the EUV region over a period of four years. If we analyze the samples considering the variation of the Γ, we can see that sample AO6012 partially degrades, samples A06014 and A06011 degrade more compared to the reference, and sample A06013 degrades less than the reference. This behavior can be directly related to the Mg layer thickness: samples with thicker Mg layers degrade to a larger degree after four years.
Atomic Force Microscopy Characterization
The morphology of the selected samples was characterized by using the Atomic Force Microscope (AFM) operating in noncontact mode (XE-70, Park System). In Table 5 , the percentage of reflectance loss measured four years after deposition is reported for the samples analyzed, together with the related micro-roughness and the maximum and minimum Peak-Valley (PV) values calculated over a 5 × 5 μm 2 area. Since, in some samples, the morphology changes significantly over the top surface, areas with different characteristics were considered. Therefore, two values are given both for micro-roughness and PV.
Analyzing the samples which have a Γ identical to that of the A06012 reference, those that do not reflect any longer after 4.5 years have higher roughness than those that still partially perform. The AFM images of the surfaces of the samples, as for instance A6011 and A06014 (Fig. 11) , show "bubbles" everywhere, whereas sample A06012 displays some areas with the same "bubble" appearance (B) and some others that present a lower roughness value (A) (Fig. 12) . The associated roughness and PVs are higher for those samples that have higher reflectance loss. In the case of samples with a SiC additional top layer (Fig. 13) , the morphology of the surface remains more regular and smooth, even though it is possible to suppose that a process similar to that in A06012(B) is ongoing, and further degradation will probably be observed in time. Finally, in Fig. 14 , an AFM image of samples with Si on top is reported (A06022 and A06023). In this case, the morphology presents some low frequency undulations that completely alter the mirror properties of the sample. Sample A06021 has some areas which are characterized by the same effect (B), while some others are not yet affected by such undulations. This scenario, determined by the qualitative analysis carried on as described, indicates that, in this case, the degradation also is ongoing, and thus further degradation is expected. The physical processes progressing on the surfaces are compatible with a strong degradation of the interfaces, large interdiffusion of Mg in SiC, and, at the top surface, oxidation of Mg itself.
X-ray Photoemission Spectroscopy (XPS) was carried out on samples A06012, A06011, and A06016 at the BEAR beamline of ELETTRA. In particular, the XPS survey photons (energy 700 eV, pass energy 20 eV, binding energy step 0.304 eV) confirm that Mg is present on the top layer of the samples (Fig. 15) . A preliminary analysis of the XPS data shows that the amount of Mg is related to the degradation of the reflectance.
Conclusion
Different Mg/SiC ML samples were fabricated on Si wafer substrates varying the structural parameters and/or the capping layer material and its thickness. They were characterized in the EUV range, at 121.6 nm, and in the visible spectral range a few weeks after deposition. Their performance was verified years after deposition, a period during which the samples were initially stored in a sealed plastic box (3.5 years) and then in boxes exposed to regular atmosphere (five additional months). After four years, samples show a large surface modification, probably due to Mg corrosion, which affects their reflectance in the visible spectral range and at 121.6 nm. Nevertheless, the performance in the EUV is not related to the degraded surface characteristics, since some samples still perform well, despite the observed alteration. The degree of degradation is likely to be related to the structural parameters of the multilayer and the characteristics of the capping layer. In particular, all the samples with a Si top layer underwent a complete degradation, samples with a SiC top layer deposited over the last SiC layer exhibit unaltered performances, and samples with modified Γ ratios show partial degradation, which can be associated with the thickness of Mg in the bilayers. A detailed AFM analysis shows that the physical process responsible for degradation is present in all samples at different evolution stages, and thus further reflectance reductions have to be expected in those samples which are degrading more slowly. The processes occurring on the surface are compatible with a large interdiffusion at the Mg∕SiC interfaces and, at the top surface, oxidation of Mg itself. This fact has been confirmed by XPS analysis, which revealed the presence of Mg in the top layers. A potential solution to slow down this process might consist in increasing the SiC top layer thickness for protection, or adding a barrier layer between the SiC and the first two Mg layers.
